r Ageing results in changes to cardiac electrophysiology, Ca 2+ handling, and β-adrenergic responsiveness.
r Sympathetic neurodegeneration also occurs with age, yet detailed action potential and Ca 2+ handling responses to physiological sympathetic nerve stimulation (SNS) in the aged heart have not been assessed.
r Optical mapping in mouse hearts with intact sympathetic innervation revealed reduced responsiveness to SNS in the aged atria (assessed by heart rate) and aged ventricles (assessed by action potentials and Ca 2+ transients).
r Sympathetic nerve density and noradrenaline content were reduced in aged ventricles, but noradrenaline content was preserved in aged atria.
r These results demonstrate that reduced responsiveness to SNS in the atria may be primarily due to decreased β-adrenergic receptor responsiveness, whereas reduced responsiveness to SNS in the ventricles may be primarily due to neurodegeneration.
Abstract The objective of this study was to determine how age-related changes in sympathetic structure and function impact cardiac electrophysiology and intracellular Ca 2+ handling. Innervated hearts from young (3-4 months, YWT, n = 10) and aged (20-24 months, AGED, n = 11) female mice (C57Bl6) were optically mapped using the voltage (V m ,)-and calcium (Ca 2+ )-sensitive indicators Rh237 and Rhod2-AM. Sympathetic nerve stimulation (SNS) was performed at the spinal cord (T1-T3). β-Adrenergic responsiveness was assessed with isoproterenol (1 μM, ISO). Sympathetic nerve density and noradrenaline content were also quantified. Stimulation thresholds necessary to produce a defined increase in heart rate (HR) Samantha Francis Stuart is a 4th year pharmacology and toxicology PhD student at the University of California, Davis. She has a BS in Chemistry (Converse College, 2011 ) and a MS in Toxicology (Texas A&M University, 2014) . Her dissertation research focuses on autonomic regulation of the heart under normal and pathophysiological conditions. More specifically, she has studied the role of sympathetic nerve activation and density on myocardial electrophysiology following ischaemia-reperfusion or with physiological ageing. Her next steps are to characterize the role of parasympathetic activation in the heart and the potential interplay of concurrent parasympathetic and sympathetic activation in ventricular arrhythmogenesis.
Introduction
Philosophically, growing old is an honour earned through experience and culminating in wisdom. Biological ageing, however, offers up a different endgame. Ageing has been identified as the greatest risk factor for cardiovascular-related morbidity and mortality (Mozaffarian et al. 2016) . Structural remodelling, including atrial fibrosis, contributes to sinoatrial node (SAN) dysfunction and atrial arrhythmias. Likewise, ventricular fibrosis can promote progression to heart failure and also provides an arrhythmogenic substrate, predisposing to ventricular arrhythmias and sudden cardiac death (SCD). Indeed, the highest incidence of sudden cardiac arrest occurs in people > 60 years old and the incidence of SCD is approximately 100-fold lower in persons < 30 years of age (Zipes et al. 2006) .
In addition to structural remodelling, significant functional remodelling of myocardial properties also occurs with age and further contributes to rhythm instabilities and contractile dysfunction. Age-associated electrophysiological remodelling includes reduced current densities of L-type and T-type Ca 2+ currents (I CaL , I CaT ) and funny current (I f ) in SAN cells that lead to depressed pacemaker activity (Larson et al. 2013) . AGED ventricular myocytes typically exhibit a prolonged action potential duration (APD) that has been attributed to a decrease in outward K + currents and an increase in I CaL (Janczewski et al. 2002; Lakatta & Sollott, 2002) , although a recent report in aged mice demonstrated a decrease in ventricular I CaL (Feridooni et al. 2017) .
Contractility is often reduced in aged myocytes and relaxation can be prolonged due to underlying changes to the intracellular Ca 2+ transient (CaT). However, data on these contractile changes are somewhat mixed, with results ranging from no change to a significant decrease in CaT amplitude and/or the rate of CaT decay (Janczewski et al. 2002; Lakatta & Sollott, 2002; Feridooni et al. 2015 Feridooni et al. , 2017 . Importantly, the responsiveness of aged ventricular myocytes to β-adrenergic receptor (β-AR) stimulation is typically reduced, contributing to reduced inotropic responses during sympathetic stimulation (White et al. 1994; Xiao et al. 1998) .
In addition to postsynaptic changes in β-AR signalling, there are also significant alterations in autonomic input to the heart. Age-related neurodegeneration of the sympathetic fibres occurs, leading to decreased sympathetic nerve density within the myocardium and reduced myocardial noradrenaline (NA) content (Esler et al. 1995b; Al Shawi et al. 2007 ). However, sympathetic drive to the heart is increased and impaired NA reuptake leads to an increase in plasma NA (Kaye et al. 1995; Machi et al. 2016) . These concomitant changes in presynaptic activity and postsynaptic responsiveness are likely to explain why elderly patients often experience exercise intolerance despite higher sympathetic tone (Ferrara et al. 2014) .
Most detailed mechanistic studies of myocardial adrenergic responsiveness utilize adrenergic agonists in aged isolated hearts or myocytes. Although mechanistically informative, this does not account for age-related changes in sympathetic nerve excitability, density, distribution, or neurotransmitter content. Therefore, the goal of this study was to assess spatio-temporal electrophysiological responses of the aged heart to physiological sympathetic nerve stimulation (SNS). Thus, we adapted an isolated innervated heart preparation for use in the mouse (Ng et al. 2001; Mantravadi et al. 2007 ) and performed optical mapping with voltageand Ca 2+ -sensitive indicators. Grundy, 2015 . Female wild-type C57BL/6J mice (Jackson Laboratory) were housed on a 12-h light-dark cycle and given access to food and water ad libitum. Young wild-type mice (YWT, n = 10) were studied at 3-4 months (ß17-20 human years); aged wild-type mice (AGED, n = 11) were studied at 20-24 months (ß65-69 human years) (Larson et al. 2013) .
Methods

Ethical approval
Innervated whole-heart Langendorff perfusion
Prior to euthanasia, mice were weighed and given 500 IU (I.P.) of heparin and killed by pentobarbital sodium overdose (>150 mg/kg, I.P.). Isolated, innervated mouse hearts were harvested similar to previous approaches (Ng et al. 2001; Winter et al. 2018) . Following mid-sternal incision, the thoracic cavity was isolated with the intact spinal column (T1-T12 vertebrae). Immediately following isolation, the preparation was submerged in cold cardioplegia solution (composition in mmol/L: NaCl 110, CaCl 2 1.2, KCl 16, MgCl 2 16, and NaHCO 3 10) and then retrograde perfused through the descending aorta with Tyrode solution at 37 ± 0.5°C (composition in mmol/L: NaCl 128.2, CaCl 2 1.3, KCl 4.7, MgCl 2 1.05, NaH 2 PO 4 1.19, NaHCO 3 20 and glucose 11.1). The whole preparation was submerged in warm Tyrode solution and perfused with an excitation-contraction uncoupler (blebbistatin, 10-20 μM, Tocris Bioscience, Ellisville, MO, USA). Three Ag-AgCl needle electrodes were positioned in the bath (two in the thoracic cavity and one grounded in the dish) for continuous lead I ECG recording. Perfusion flow rate (7-10 mL/min) was adjusted to maintain a perfusion pressure of 80-100 mmHg.
Dual optical mapping
Hearts were loaded with both a membrane voltage (V m )-sensitive indicator (RH237, 15 μl of 1 mg/mL in DMSO; Biotium, Hayward, CA, USA) and a calcium (Ca 2+ )-sensitive indicator (Rhod2-AM, 100 μL of 1 mg/mL in DMSO containing 10% pluronic acid; Biotium) via coronary perfusion. A thin catheter electrode (2F octapolar-pacing catheter; 0.2 mm electrode, 0.5 mm spacing; CIBer Mouse-EP Catheter; NuMed Inc, Hopkinton, NY, USA) was inserted through the bottom of the spinal column up to T1-T3 for stimulation of the spinal cord, including sympathetic pre-ganglionic fibres. A pacing electrode was placed at the apex of the heart for epicardial ventricular pacing. The anterior epicardial surface was excited with LED light sources. Excitation light was centred at 530 nm and bandpass-filtered from 511 to 551 nm (LEX-2, SciMedia, Costa Mesa, CA, USA). Emitted fluorescence was collected through a THT-macroscope (SciMedia) and split by a dichroic mirror at 630 nm (Omega, Brattleboro, VT, USA). RH237 signals were longpass-filtered at 700 nm and Rhod2-AM signals were bandpass-filtered between 574 and 606 nm. Fluorescent signals were recorded using two CMOS cameras (MiCam Ultima-L, SciMedia) with a sampling rate of 1 kHz and 100 × 100 pixels with a 10 × 10 mm field of view (Gardner et al. 2015; De Jesus et al. 2017) .
Experimental protocol
Baseline heart rate (HR) was recorded, followed by determination of the sympathetic nerve stimulation (SNS) threshold frequency. Briefly, the spinal cord was first stimulated at 3 Hz, 7.5 V for 10 s. Frequency was increased in 0.5 Hz increments, with constant voltage, and for 10 s at each frequency, until the HR increased to at least 15% above baseline HR prior to stimulation; changes in HR were determined by continuous ECG recordings. The lowest frequency to meet this criterion was defined as the threshold and 'low' spinal cord stimulation (SNSL). 'High' spinal cord stimulation (SNSH) was set at 5 Hz greater than the low threshold. If no increase in heart rate was observed by 6 Hz, the heart was considered non-responsive, probably due to improper SNS electrode placement or nerve damage during isolation. Data from non-responders was included in the assessment of sinoatrial node (SAN) and atrioventricular node (AVN) recovery times, as well as arrhythmia scores, but these hearts were not included in any further electrophysiological analysis. In this study, 3 of 10 YWT and 4 of 11 AGED hearts were non-responders. Hearts were then subject to continuous ventricular pacing at decreasing pacing cycle lengths (PCLs, 150-60 ms) to elicit alternans. Following continuous pacing, the time to return of normal sinus rhythm was measured, namely, the return of consistent P-waves and QRS complexes. Hearts were then paced with the same continuous pacing protocol with both SNSL and SNSH. Lastly, hearts were challenged with isoproterenol (ISO, 1 μM) to assess β-adrenergic responsiveness. ISO was perfused via coronary perfusion and was allowed to reach a steady state (ß5 min) before data collection.
J Physiol 596.17
Data analysis
Data regarding changes in HR, SAN and AVN recovery times, and arrhythmia score were analysed in LabChart (ADInstruments Inc., Colorado Springs, CO, USA) from continuous ECG recordings. HRs were measured just before SNS (average of 10 s), upon cessation of SNS (average of 5 s), and 5 min after ISO perfusion (average of 10 s). HRs were not calculated during SNS due to stimulation artifacts on the ECG. Corrected SAN and AVN recovery times (cSAN and cAVN) were calculated immediately following cessation of pacing. cSAN was calculated as the time to return of the P-wave minus the baseline R-R interval; the cAVN was calculated as the time to return of QRS complex minus cSAN. Arrhythmia scores were assessed following continuous ventricular pacing (before the start of SNS), and were scored as follows: 0 = no ectopic beats, 1 = premature ventricular contractions (PVC), 2 = bigeminy or salvos (2-4 consecutive beats), 3 = ventricular tachycardia (>5 consecutive, monomorphic beats), or 4 = ventricular fibrillation (>5 consecutive, polymorphic beats). Hearts were scored based on the most severe arrhythmia observed (Curtis & Walker, 1988; De Jesus et al. 2017) .
Optical data analysis was performed using Optiq (Cairn Research Ltd, UK). Fluorescent signals were post-processed using a spatial Gaussian filter (3 × 3 pixels). For both action potentials (APs) and Ca 2+ transients (CaTs), activation time was measured as the time at 50% of the maximal amplitude. AP and CaT durations were calculated as the time to reach 80% repolarization minus activation time (APD 80 , CaTD 80 ). APD 50 and APD 90 were calculated similarly and APD triangulation was assessed as APD 90 − APD 50 . Time constants of CaT decay (tau) were calculated as the time constant of a single exponential fit to the decay portion of the CaT (from 30 to 100% recovery); for each heart, tau was calculated at three separate sites across the epicardial surface and averaged. CaT rise time (T Rise ) was calculated as the time from 10 to 90% of the upstroke. APD and CaT alternans were assessed using 6-8 consecutive beats at each PCL and quantified using spectral methods as previously described (Wang et al. 2014; Murphy et al. 2017 ).
Immunohistochemistry and histology
Following optical mapping, hearts (n = 3-4) were fixed for 1 h in 4% paraformaldehyde, rinsed with phosphate buffered saline (PBS), and placed in 30% sucrose in PBS overnight. Hearts were then cut into 2 mm short-axis sections and embedded in optimal cutting temperature (OCT) medium, flash frozen, and stored at −80°C. Hearts were then cryosectioned on a Leica 1850 cryostat into 10 μm short-axis sections and thaw-mounted onto positively charged slides. Slides were stored at −80°C. Immunohistochemistry was performed as previously described (Gardner et al. 2015) . Briefly, after rehydration with PBS, slides were incubated in sodium borohydride (10 mg/mL; 3 × 10 min). Sections were then blocked in a solution of 2% bovine serum albumin (BSA, Sigma) and 0.3% Triton X-100 (Sigma) in PBS (BSA/PBS-T) for 1 h. After rinsing with PBS, slides were incubated with primary anti-tyrosine hydroxylase (TH) antibody (1:300 BSA/PBS-T, EMD Millipore) overnight. Sections were then rinsed with PBS and incubated in Alexa Fluor 488 rabbit anti-mouse secondary antibody (1:500 BSA/PBS-T, Invitrogen) for 1.5 h. After rinsing in PBS, sections were placed in a 10 mM copper sulfate-50 mM ammonium acetate solution for 30 min. Lastly, hearts were again briefly dipped in MilliQ water and cover-slipped with a 1:1 glycerol-PBS solution.
Slides were also stained with Masson's Trichrome to measure myocardial fibrosis. All slides were imaged at 10× magnification on an Olympus IX 70 inverted microscope with either a FITC filter (for TH; Ex/Em: 495/519 nm) or in brightfield (for Masson's Trichrome). TH images were analysed with Nikon NIS-Elements Basic Research Microscope Imageing Software to determine the percentage tissue area that was TH positive (TH+). Masson's Trichrome images were first colour-thresholded using Photoshop for total and fibrotic tissue separately, and then percentage fibrotic area was determined using ImageJ. Each image was thresholded by two independent users. For both TH labelling and Masson's Trichrome staining, a total of 11-12 cryosections, spanning from base to apex, were measured and averaged from each heart.
HPLC analysis of noradrenaline content
Noradrenaline (NA) content was analysed as previously described (Parrish et al. 2010) . Hearts were excised, atria were removed, and left and right ventricles were separated prior to freezing and storage at −80°C. Ventricles were pulverized in a mortar and pestle on dry ice. Catecholamines from aliquots of pulverized ventricle and intact right atria were homogenized at room temperature in 300 μL perchloric acid (PCA, 0.1 M) containing the internal standard, dihydroxybenzylamine (DHBA, 0.25 μM), to correct for NA sample recovery. Alumina extraction was used to purify the catecholamine from a 100 μL aliquot of the homogenate. NA was desorbed from the alumina using 150 μL of 0.1 M PCA and was analysed by C18 reversed-phase HPLC using electrochemical detection (ESA, Coulchem III). Detection limits were ß0.05 pmol with recoveries from the alumina extraction > 60%.
Statistics
Data are expressed as means ± standard error of the mean (SEM). Data for arrhythmia score, cSAN and cAVN return, SNS threshold frequency, NA content, and Masson's Trichrome staining were analysed by Student's unpaired t test. All other data were analysed by two-way ANOVA with repeated measures with Sidak's multiple comparisons post-testing in GraphPad Prism 7 software. P < 0.05 was considered statistically significant.
Results
HR responses to SNS
To test SAN function, the time to SAN recovery following fast ventricular pacing was measured (Fig. 1B , corrected for baseline R-R interval, cSAN). Likewise, AVN function was also assessed by measurement of the time to return of consistent QRS complexes (Fig. 1C , corrected for SAN return, cAVN). In the example trace shown in Fig. 1A , the red arrow denotes the cessation of pacing. The first black arrow denotes when sinus rhythm return time was recorded, and the second black arrow denotes return of a consistent QRS complex. YWT hearts tended to exhibit faster cSAN recovery times compared to AGED hearts (Fig.  1B) ; however, this did not reach statistical significance. There was no significant difference in cAVN recovery time (Fig. 1C) .
To determine SNS thresholds, stimulation frequency was increased in 0.5 Hz increments, hearts were exposed to 10 s of stimulation at each increment, and maximal HRs were recorded. AGED hearts required significantly higher stimulation frequencies (Fig. 1D ) to provoke at least a 15% increase in HR compared to YWT (5.4 ± 0.4 vs. 3.8 ± 0.4 Hz; P = 0.0211). HRs in YWT were significantly increased above baseline with SNSL, SNSH, and isoproterenol (ISO, Fig. 1E ). In contrast, neither SNSL nor SNSH produced significant increases in HR in AGED hearts (Fig. 1E) ; however, ISO infusion significantly increased HR compared to baseline. Interestingly, AGED hearts tended to have a higher baseline HR compared to YWT, although this was not statistically significant A, an example ECG following rapid pacing; red arrow denotes termination of pacing and black arrows denote when return of P-waves and QRS complexes were noted. B and C, cSAN and cAVN recovery times. D, differences in stimulation thresholds for SNS in each group. E, increases in heart rate with SNS and ISO infusion compared to baseline. F, a normalized time course of heart rate increase and return to baseline with SNSL. Data are means ± SEM, n = 7-11, * P < 0.05, * * P < 0.01, * * * * P < 0.0001 compared within groups. † P < 0.05, compared to matching conditions between groups. YWT, young hearts; AGED, aged hearts; SNS, sympathetic nerve stimulation; cSAN, corrected sinoatrial node return; cAVN, corrected atrioventricular node return; SNSL, SNS low; SNSH; SNS high; ISO, isoproterenol. (225.1 ± 26.2 beats/min vs. 166.5 ± 13.1 beats/min). Thus, HRs were normalized to baseline and the time course of HR changes during SNSL is shown in Fig.  1F . The differences in response to SNS are apparent where YWT hearts show significant increases at 5 and 10 s compared to baseline (time 0), and compared to AGED hearts at 5 s, whereas HRs in AGED hearts were not significantly different from baseline at any time point. Although mean HRs in response to ISO were not different between groups, β-adrenergic responsiveness (defined as percentage increase from baseline with ISO) was significantly lower in AGED hearts (Table 1) .
Ventricular APD responses to SNS
To assess ventricular responses to SNS, action potential duration (APD) was assessed at baseline and in response to SNS and ISO with ventricular pacing at 130 ms (Fig.  2) . Figure 2C shows representative optical AP traces at baseline (red), with SNSH (yellow), and with ISO (green). YWT hearts had significantly longer APD 80 and APD 50 with SNSH compared to baseline, and significantly shorter APD 80 following 5 min of ISO perfusion compared to baseline ( Fig. 2D and E) . AGED hearts did not exhibit significant changes in APD 80 or APD 50 after SNSL or SNSH but had significantly shorter APD 80 with ISO infusion (Fig. 2D and E ). There were no significant differences in APD 80 or APD 50 between YWT and AGED, but AGED hearts tended to have slightly longer APD 50 under all conditions, suggesting a more prominent or more depolarized plateau phase. To further assess action potential shape, triangulation was measured as APD 90 − APD 50 , but no significant differences were observed with SNS or between groups (data not shown). β-Adrenergic responsiveness (percentage change from baseline with ISO) was not significantly different between YWT and AGED hearts (Table 1) .
Changes in repolarization with SNS
In light of previous reports documenting a reversal (ß180°c hange) in the direction of repolarization with SNS in the rabbit heart (Mantravadi et al. 2007 ), we assessed changes in repolarization with SNS and ISO in YWT and AGED mouse hearts. Repolarization direction was assessed during sinus rhythm under each condition. In 30% of YWT hearts, the direction of repolarization changed, but only rotated approximately 90°compared to baseline with both SNSH and ISO (Fig. 3A) . AGED hearts had a similar proportion of hearts that did not change the direction of repolarization with SNSH or ISO (75% and 50%, respectively). In the AGED hearts that did change, however, a 90°change, as well as a full reversal (ß180°d irectional change) in repolarization, was also observed (Fig. 3B) . As can be observed in Fig. 4A -C, there were no significant differences in CaT rise times or decay time constants (tau) with SNSL or SNSH in either group. However, ISO significantly shortened rise times and tau in both groups. Interestingly, AGED hearts had significantly faster tau values compared to YWT at baseline and with SNSL, but not with SNSH or ISO.
CaT alternans contributes to APD and T-wave alternans, both of which are clinical markers for increased risk of ventricular arrhythmias and sudden cardiac death (Rosenbaum et al. 1994) . Thus, CaT alternans was assessed with rapid ventricular pacing with or without SNS or ISO. Representative maps of CaT alternans magnitude and CaT traces for YWT (Fig. 4D) and AGED (Fig. 4E) hearts show different trends in CaT alternans magnitude with SNS. YWT hearts exhibited mild CaT alternans at 80 ms PCL and both SNSL and SNSH tended to reduce CaT alternans magnitude. In contrast, SNSH tended to exacerbate CaT alternans in AGED hearts, the magnitude of which was significantly greater compared to YWT with SNSH. In both groups, ISO perfusion significantly reduced CaT alternans magnitude, probably owing to the accelerated Ca 2+ release and reuptake with ISO ( Fig. 4B and C) . Overall, the β-adrenergic responsiveness (percentage change from baseline with ISO) of all Ca 2+ handling parameters were not significantly different between YWT and AGED hearts (Table 1) . Continuous ECG recordings showed that YWT hearts tended to exhibit occasional PVCs (Fig. 5A , example of PVC) in the minutes following fast ventricular pacing, whereas AGED hearts typically had more severe arrhythmias (Fig. 5B, example of ventricular tachycardia) . Overall, AGED hearts had significantly greater arrhythmia scores than did YWT (Fig. 5C , 2 ± 0.4 vs. 1.4 ± 0.3, P = 0.0476).
Fibrosis
Increased myocardial fibrosis is a hallmark of cardiac ageing and may impact conduction and arrhythmia risk. Therefore, fibrosis was assessed with Masson's Trichrome staining (Fig. 6) . Fibrotic density was significantly greater in AGED compared to YWT hearts (Fig. 6A , 3 ± 0.11 vs. 1.6 ± 0.40% area, n = 3 hearts/group, P = 0.0093). Since fibrosis may also affect conduction, we measured conduction velocity from optical mapping data. There were no significant differences in average conduction velocity in either group at baseline (YWT 48.8 ± 0.9 cm/s; AGED 48.8 ± 1.5 cm/s; no significant difference (NS)).
Sympathetic nerve fibre density and noradrenaline content
Given the blunted response to SNS in AGED hearts, we assessed whether age-related denervation of the myocardium was a factor. Sympathetic fibres were labelled in ventricular tissue with an anti-tyrosine hydroxylase (TH) antibody. YWT had significantly more TH+ fibres in the left ventricle compared to AGED hearts (Fig. 7A,  2 .50 ± 0.09 vs. 0.92 ± 0.16% TH+, n = 3-4 hearts, P = 0.0006). Likewise, YWT showed a gradient-like trend of TH+ density from base to apex that was not apparent in AGED hearts (Fig. 7B) . In addition to sympathetic fibre density, noradrenaline (NA) content was also measured in the left ventricle and right atrium ( Fig. 7C and D) . YWT and AGED hearts had similar atrial NA content (7.21 ± 0.93 vs. 8.07 ± 1.80 pmol/mg, n = 5/group, NS), but YWT had significantly higher ventricular NA content Data are means ± SEM, n = 7-11, * P < 0.05, * * P < 0.01, * * * P < 0.001 compared within groups. YWT, young hearts; AGED, aged hearts; SNS, sympathetic nerve stimulation; SNSL, SNS low; SNSH, SNS high; ISO, isoproterenol.
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than AGED hearts (3.6 ± 0.2 vs. 2.6 ± 0.2 pmol/mg, n = 5/group, P = 0.0079).
Discussion
This study aimed to investigate the interactions between the aged heart and aged sympathetic nervous system and demonstrate how, together, these changes affect electrophysiological function, Ca 2+ handling, and arrhythmogenesis in the intact heart. To our knowledge, this study is the first to employ the innervated heart preparation to assess sympathetic responses in aged hearts. Here we show that: (1) aged hearts were generally less responsive to physiological SNS, as shown by increased stimulation thresholds and little to no change in HR, APD, or Ca 2+ handling parameters with SNS; (2) β-adrenergic responsiveness (defined as percentage change from baseline with ISO) of the SAN was decreased, as ISO elicited a smaller magnitude HR response in AGED hearts; (3) β-adrenergic responsiveness of ventricular parameters was preserved; (4) AGED hearts were more susceptible to pacing-induced arrhythmias; and (5) compared to YWT, AGED hearts had increased fibrosis, similar right atrial NA content, and considerably lower ventricular sympathetic nerve density and NA content. Collectively, these data suggest that decreased responsiveness to SNS in the atria (indicated by changes in HR) may be primarily due to decreased β-adrenergic responsiveness, since atrial NA content was similar in AGED and YWT hearts, suggesting preserved sympathetic nerve density. In contrast, decreased responsiveness to SNS in the ventricles may be primarily due to nerve degeneration, since β-adrenergic responsiveness was preserved, but sympathetic nerve density and NA content were reduced.
HR responses to SNS
Although our mapping study focused on the ventricles, HR responses are the only real-time read-out of SNS efficacy available during experiments; thus, changes in HR were used to set SNS stimulation thresholds. Baseline HRs were not significantly different between AGED and YWT hearts, which is consistent with several previous studies of ageing carried out in isolated mouse hearts (Stein et al. 2008; Fernandez-Sanz et al. 2014; Porter et al. 2014; Feridooni et al. 2017) (Fig. 1E) . However, stimulation thresholds for generating a 15% increase in HR were significantly higher in AGED versus YWT hearts (Fig. 1D ). Once this stimulation threshold was achieved, YWT hearts also had more robust HR responses to SNS (Fig. 1E and F) . This is consistent with multiple previous studies in aged animals, tissues, and cells showing age-related heart rate declines in response to β-adrenergic agonists or nerve activity, and a lower maximum heart after activation of the SNS (Larson et al. 2013; Moghtadaei et al. 2016; Jansen et al. 2017) .
Action potential and repolarization responses to SNS
Sympathetic stimulation did not significantly impact ventricular APD in AGED hearts, whereas YWT showed significant APD prolongation with SNSH (Fig. 2B, D Figure 3 . Changes in the direction of repolarization with SNS and ISO in young and aged hearts A, percentage of hearts in which the direction of repolarization changed following either SNSH or ISO. Direction changes were scored based on the degree of directional change -either no change, ß90°, or ß180°. B, representative repolarization maps demonstrate directional changes in a YWT and AGED heart with SNSH or ISO. n = 8-11; YWT, young hearts; AGED, aged hearts; SNSH, SNS high; ISO, isoproterenol. to ISO with APD shortening. The mechanisms underlying the biphasic changes in APD in young hearts (i.e. prolongation with SNS; shortening with ISO) are likely to be multi-factorial. The normal heart has a larger abundance of β 1 versus β 2 adrenergic receptors (Lakatta & Levy, 2003) and β 1 stimulation increases both inward (Ca 2+ ) and outward (K + ) currents. Therefore, whether the APD prolongs or shortens with adrenergic stimulation depends primarily on the resulting balance of these currents. ISO is a potent β-agonist (β 1 and β 2 ) and the high dose used in this study (1 μM) typically results in APD shortening in mice and larger species (Wang et al. 2014; Gardner et al. 2015; De Jesus et al. 2017 ), owing to the predominating effect of increased K + currents. Stimulation of the sympathetic nerves, on the other hand, releases NA. NA has a much lower affinity for β 1 -adrenergic receptors compared to ISO and an even lower affinity for β 2 -receptors. Therefore, the vastly different effective doses of β-adrenergic stimulation with ISO versus NA may result in a different balance of inward and outward currents, and thus different APD responses. These important electrophysiological disparities between sympathetic nerve stimulation and agonist perfusion remain an interesting area for future study.
Previous studies employing SNS in the rabbit heart have reported a complete reversal of the direction of Values are an average of the entire epicardial field of view. Data are means ± SEM, n = 4-11, * P < 0.05, * * P < 0.01, * * * * P < 0.0001 compared within groups. † P < 0.05, † † P < 0.01 compared to matching conditions between groups. YWT, young hearts; AGED, aged hearts; SNS, sympathetic nerve stimulation; SNSL, SNS low; SNSH, SNS high; ISO, isoproterenol.
J Physiol 596.17 the repolarization wavefront (ß180°) with SNS, and that this reversal typically did not occur with adrenergic agonist perfusion (Mantravadi et al. 2007 ). Contrary to these findings, both YWT and AGED mouse hearts often showed no change or a less dramatic ß90°change in the repolarization direction with SNS (Fig. 3) , and the repolarization direction appeared equally likely to change with ISO perfusion. These differences between rabbit and mouse may reflect species differences in nerve distribution, β-adrenergic receptors, or protein kinase A-sensitive ion channel expression. The only difference between AGED and YWT hearts in terms of repolarization patterns was that in a small percentage of AGED hearts, a full ß180°reversal was observed with either SNS or ISO (Fig. 3A) . This observation may reflect more pronounced age-related nerve or ventricular remodelling in this subset of hearts and may have implications for age-related arrhythmogenesis. This remains an interesting area for further study.
Ca 2+ handling responses to SNS
Previous studies have shown that Ca 2+ handling may be altered in aged cardiac myocytes. For example, Feridooni et al. (2017) showed in ventricular myocytes harvested from 27-month-old mouse hearts, that Cav1.2 expression and corresponding I CaL current are reduced, leading to reduced Ca 2+ flux and smaller CaT peaks. Despite these changes, neither SR Ca 2+ content or CaT decay rates were altered in aged mouse myocytes in that study. In contrast, Janczewski et al. (2002) reported an increase in I CaL and Ca 2+ influx, no change in CaT amplitude, and significantly slowed sarcoplasmic reticulum (SR) Ca 2+ reuptake (owing to lower SERCA levels) in aged rat myocytes. These discrepancies in experimental results may be due to species, age, degree of frailty, or experimental conditions (including pacing rate).
Optical mapping of intracellular Ca 2+ with Rhod-2AM is not a ratiometric approach; thus, CaT amplitudes were not assessed. However, in our study, the time constant of CaT decay (tau) was significantly shorter at baseline in AGED versus YWT hearts. It is possible that AGED mouse hearts do not demonstrate the same deficits in Ca 2+ reuptake that are apparent in rat hearts, or this finding may be unique to the innervated heart preparation, which may have alterations in basal sympathetic tone. Regardless of the mechanisms governing these differences at baseline, SNS did not significantly alter tau in either group.
CaT alternans may also be impacted by adrenergic stimulation. We and others have reported significant reductions in CaT alternans magnitude with ISO perfusion, owing to both accelerated SR Ca 2+ release and reuptake that together decrease alternation in SR Ca 2+ load and release (Wang et al. 2014; Kanaporis & Blatter, 2017; Murphy et al. 2017) . Our data in both YWT and AGED hearts tend to support this, as ISO also significantly decreased CaT alternans magnitude in both groups (Fig. 4D-F) . Interestingly, SNS tended to decrease CaT alternans in YWT hearts, whereas it tended to increase alternans in AGED hearts, leading to significantly larger alternans magnitude compared to YWT hearts with SNSH. Although previous reports of alternans suppression with ISO or other adrenergic agonist perfusion have been consistent, data on the impact of physiological SNS on alternans is more mixed, with both increases and decreases in alternans severity reported (Euler et al. 1996; Ng et al. 2007; Winter et al. 2018) . Although these differences may be species-dependent, our data indicate that age may also play an important role in how SNS impacts alternans severity.
Arrhythmia susceptibility
Despite the fact that there were few major differences in baseline electrophysiological properties, AGED hearts had a significantly higher incidence of pacing-induced arrhythmias (Fig. 5) . Although macro-scale conduction velocity measurements were similar, aged hearts showed a significantly higher degree of diffuse interstitial ventricular fibrosis (Fig. 6) . It is therefore possible that conduction on the micro-scale may be altered, potentially contributing to arrhythmogenesis. Fibrosis may also reduce the source-sink mismatch, allowing for the escape of triggered activity (Myles et al. 2012) . Neither YWT nor AGED hearts demonstrated significant arrhythmogenic activity with SNS (data not shown); however, this is likely to be due to the fact that our pacing protocol during SNS was not designed to evoke arrhythmias, rather than a direct anti-arrhythmic effect of SNS. Indeed, most previous studies report increased arrhythmia susceptibility with SNS (Du et al. 1999; Ng et al. 2007 ).
Sympathetic nerve density and NA content AGED hearts had significantly lower ventricular sympathetic nerve fibre density and NA content compared to YWT hearts (Fig. 7) . When stratified by location (apex, mid, base), the normal gradient of sympathetic fibre density from base to apex (Kawano et al. 2003 ) that was present in the YWT was absent in AGED hearts, with all regions exhibiting a low fibre density (Fig. 7B ). These findings are consistent with the well-characterized age-related degeneration of sympathetic nerves (Chow et al. 2001; Al Shawi et al. 2007 Jansen et al. 2007 ). This axon degeneration and decrease in nerve density are typically associated with decreased NA content, as in the present study. However, ageing is also commonly associated with reduced reuptake of NA by the neuronal NA transporter, resulting in higher plasma NA content (Fleg et al. 1985; Esler et al. 1995a) . In contrast to the ventricles, atrial NA levels were similar in both groups, suggesting that sympathetic nerve density may be preserved in the AGED atria. It is not possible to measure both sympathetic nerve fibre density and NA content in the same atrial sample, so we measured NA content as the most functionally relevant parameter. Although similar NA levels suggest similar nerve densities, we cannot rule out alterations in nerve density, NA release, or NA reuptake. However, our finding of normal atrial NA content together with reduced β-adrenergic responsiveness of the AGED SAN suggests that the impaired HR response to sympathetic stimulation may be primarily due to reduced β-AR signalling within SAN cells.
Neurodegeneration typically proceeds first from the most distal nerve endings, so it is possible that with age, ventricular nerves degenerate first, followed by loss of atrial fibres. Our data and this interpretation are consistent with a prior study of excised human hearts in which a near-complete loss of sympathetic fibres was documented in the ventricular conduction system of aged human hearts, while atrial innervation was somewhat preserved (Chow et al. 2001) . This sequential age-related nerve degeneration is accompanied by a progressive increase in sympathetic drive. Therefore, our findings may have interesting implications for the pathogenesis of atrial fibrillation (AF), where age and sympathetic activity are known risk factors. It is possible that AF may be more likely to occur in those individuals who have a 'mismatch' between age-related loss of atrial nerve fibres and age-related increases in sympathetic drive, resulting in sympathetic over-activity in the atria. We did not assess atrial action potentials or Ca 2+ handling in the present study, thus this remains a very interesting area for future work.
Conclusions
Using a novel innervated mouse heart preparation, we determined the cardiac electrophysiological and Ca 2+ handling responses of the aged heart to physiological SNS. Although β-adrenergic responsiveness has been evaluated in a variety of aged animal models using isolated hearts and cells, to our knowledge, this is the first study to evaluate detailed AP and CaT parameters using physiological nerve stimulation. Our results indicate that aged hearts have blunted responses to SNS, in terms of both HR and ventricular AP and CaT responses. However, the mechanisms governing reduced responsiveness to SNS in the aged atria and ventricles may be different.
Study limitations
In this study, we used a relatively high dose of ISO, a high-affinity β-adrenergic receptor agonist, to assess maximal β-adrenergic responsiveness. It is possible that more graded responses might be observed at lower ISO doses, which could reveal more age-related changes in β-adrenergic responsiveness than reported here. It has been established that ageing induces SAN dysfunction (Moghtadaei et al. 2016; Jansen et al. 2017; Sharpe et al. 2017) . In this study we used HR data derived from a continuous ECG recording as a surrogate for SAN function, but did not specifically address atrial or SAN function with optical mapping experiments. Likewise, atria were assessed only for NA content, but not nerve density. Regardless, changes in NA content and nerve density do not indicate nerve function, and this remains an important area for further study. This study examined only female mice, but clinical data indicate that cardiac sympathetic activity may differ between aged men and women (Sakata et al. 2009 ). Therefore, age-related sex differences in sympathetic control of electrophysiology is an interesting area for future work. Mice in this study were grouped according to chronological age, but recent work has shown significant discrepancies between chronological age and degree of frailty (Feridooni et al. 2017) , which can significantly impact on functional outcomes.
